Abstract. We study mono-W signals of dark matter (DM) production at the LHC, in the context of gauge invariant renormalizable models. We analyze two simplified models, one involving an s-channel Z mediator and the other a t-channel colored scalar mediator, and consider examples in which the DM-quark couplings are either isospin conserving or isospin violating after electroweak symmetry breaking. While previous work on mono-W signals have focused on isospin violating EFTs, obtaining very strong limits, we find that isospin violating effects are small once such physics is embedded into a gauge invariant simplified model. We thus find that the 8 TeV mono-W results are much less constraining than those arising from mono-jet searches. Considering both the leptonic (mono-lepton) and hadronic (mono fat jet) decays of the W , we determine the 14 TeV LHC reach of the mono-W searches with 3000 f b −1 of data. While a mono-W signal would provide an important complement to a mono-jet discovery channel, existing constraints on these models imply it will be a challenging signal to observe at the 14 TeV LHC. 
the mono-jet channel provides the most stringent constraints, while mono-W , Z, γ or Higgs signals would provide indispensable complementary information to identify DM.
The EFT approximation is valid when the momentum transfer in a given process of interest is much smaller than the mass of the mediating particle. For momentum transfer larger than or comparable to Λ, the EFT description will break down. This situation is likely to arise at the LHC, where the momentum of the partons in the colliding protons, and thus the momentum transfer of the scattering processes, will be of TeV scale and comparable to Λ in many WIMP scenarios. The precise values of the parameters for which this break down occurs have been the subject of several recent papers [33] [34] [35] [36] . An alternative framework which avoids these issues is "simplified models" [37] [38] [39] [40] [41] [42] . In this framework a mediator is explicitly included and interaction types which are generic yet phenomenologically distinct are considered.
However, the validity of the EFT description is not governed only by the size of Λ. The standard list of EFT operators [3, 4] include several which do not respect the weak gauge symmetries of the SM 1 . Such operators break down at the energies comparable to the electroweak scale, v EW ≈ 246 GeV, rather than the energy scale of new physics, Λ, and are certainly invalid at LHC energies. In fact, such operators should be suppressed by powers of (v EW /Λ) n , and are thus of higher order in 1/Λ than they naively appear. One should proceed with caution in interpreting LHC limits on such operators.
In a recent paper [43] we demonstrated that operators which violate weak gauge symmetries can feature spurious cross section enhancements at LHC energies. This was particularly pertinent for previous mono-W searches for dark matter at the LHC [8, 10, 15], which have largely focused on SU (2) violating EFTs such as [22] 1 Λ 2 (χγ µ χ) uγ µ u + ξdγ µ d , (
with ξ = 1. The large mono-W cross sections for such an EFT are in fact a manifestation of the violation of weak gauge invariance in the form of unphysical longitudinal W contributions. Previous work has used these unphysical enhancements of the mono-W cross section to place very strong limits on dark matter EFTs. However, when gauge invariance is enforced we shall see that the limits arising from the mono-W process will in general be weaker than those arising from the mono-jet. Nonetheless, the mono-W process remains an important complementary channel to explore the properties of dark matter. It is the purpose of the present paper to study mono-W signals in renormalizable models in which gauge invariance is enforced from the outset. We choose two example simplified models, one involving t-channel exchange of a new colored scalar, and the other s-channel exchange of a new Z vector boson. We outline these two models in Section 2. In Section 3 we explore the LHC phenomenology of these models, to determine the current constraints and the 14 TeV LHC reach for the mono-W signal. In Section 4 we explore the possibility of obtaining SU (2) violating operators, like that of Eq. (1.2), from a gauge invariant model after electroweak symmetry breaking. While such operators would allow for the production of longitudinal W L bosons, potentially enhancing mono-W cross sections, we explain why these effects are constrained to be small.
Simplified Models for the Mono-W

t-channel Colored Scalar Mediator
We first examine a scenario in which DM-quark interactions are mediated by the exchange of a t-channel scalar. The interaction Lagrangian is given by
where
) is a scalar field that transforms under the SM gauge group like Q L , and f is the coupling strength of the interactions 2 . The DM, χ, transforms as a singlet under the SM gauge symmetries. An analogue of this scenario is realized in supersymmetric (SUSY) models, where we identify η with a squark doublet and χ the neutralino. Simplified models with such t-channel interactions have been examined recently in Refs. [46] [47] [48] [49] [50] [51] [52] , with the collider analyses focusing on the mono-jet process.
In this model, the mono-W process proceeds via the gauge invariant set of diagrams in Fig. (1) [21, 43, 53, 54] . Diagrams (1a) and (1b) dominate in the EFT limit when √ s m η , while diagram (1c) becomes important for smaller m η . We shall initially assume m ηu = m η d = m η . Deviation from this equality will be discussed in Section 4.
s-channel Z Mediator
We also consider another generic simplified model in which the DM-quark interactions are mediated by a neutral spin-1 Z boson. The relevant interaction terms are
where g χ is the coupling strength of the Z to dark matter χ, and g q is the coupling to SM quarks. Simplified models with such s-channel interactions have been examined recently in Refs. [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] . We assume the Z has axial vector type interactions. Vector interactions would lead to large spin-independent DM-nucleon elastic scattering cross sections, and as a result are strongly constrained by DM direct detection experiments, to the extent that parameters which can correctly account for the DM relic density are significantly excluded.
We therefore focus on the more phenomenologically viable axial vector interactions. We shall also assume that the Z couples only to quarks, and not to leptons, to avoid tight constraints from di-lepton searches. The pertinent processes for mono-W search are shown in Fig. (2) . In contrast to the t-channel model above, no radiation from the mediator occurs. This would change in the presence of Z-Z mixing, as will be discussed in Section 4.
LHC Constraints and Reach
We now examine the LHC phenomenology of the two models described in Eqs. (2.1) and (2.2). In the following, we determine the limits and reach of the searches for DM via the mono-W process, for both the leptonic and hadronic decay channels of the W .
Mono lepton channel
We first consider the scenario where the W boson decays to a charged lepton and a neutrino. The neutrino contributes to the missing energy ( / E T ) along with dark matter, such that the signal is a mono-lepton. In this channel the key kinematic variable is the transverse mass of the lepton-/ E T system,
where ∆φ , / E T is the azimuthal opening angle between the charged lepton's transverse momentum p T and the direction of / E T . The domininant background for the mono-lepton search is W → ν, and W → τ ν τ → ν τ ν τ ν where = e, µ. This is because the M T distribution of these channels has a large tail in the signal region. We use the electron channel to set limits, since it is the stronger one of two lepton channels and also comparable to the combined limits of both channels. Following Ref.
[15], the following selection cuts are made on all backgrounds and signal for the 8 TeV limits:
• E T of the leading electron > 100 GeV
• E T of the next-to-leading electron < 35 GeV
• At least one electron
• M T for the electron, M e T > 220 GeV • Pseudorapidity for the electron must be in the range −2.1 < η( e ) < 2.1
• Jet P T < 45 GeV
• The electron P T and / E T ratio must be in the range 0.4 < P T / / E T < 1.5
• ∆φ e, / E T > 2.5.
After cuts, the events are scaled by the relevant efficiences. To investigate the phenomenology, both models are implemented in FeynRules [72] . For the mono-lepton search, events are generated in MadGraph/MadEvent [73, 74] , hadronized in Pythia [75] , interfaced with Fastjet [76] for jet-finding and Delphes [77] for detector effects. We then implement our cuts in Root [78] , and set the model significance σ at 95 % confidence level (C.L.), which is set by the number of signal events S and background events B as
where δB is the systematic uncertainty, which we take to be 5% for our analysis. To ensure a thorough sampling of events and sufficient statistics at high M T , we generate event samples at two different regions for both signal and background, 100 < p T < 500 GeV, and p T > 500 GeV. The samples from these two regions are then combined to produce the background and signal events. We find that we reproduce the model independent limit on the cross section for a mono-lepton signal as found in Ref.
[15], at 8 TeV. We then perform the analysis at 14 TeV and 3000 f b −1 integrated luminosity. To produce our 95% C.L. reach, we optimize our 14 TeV selection criteria by increasing the M T cut to M e T > 1000 GeV. In Fig. (3) we show the M T distribution for the t-channel model for various choices of the DM mass. (Similar results are found for the s-channel model.) As the shape of the M T distribution is approximately independent of the DM mass, we adopt M T > 1000 GeV as an optimal selection cut across all parameter choices. It can be seen that the distribution is independent of DM mass.
Mono fat jet channel
We also consider the limits and reach from the hadronic W decays. Such decays have been searched for by ATLAS [10] , where the signal is a hadronically decaying W or Z boson plus missing energy. As our simplified models allow both mono-W and mono-Z processes, both must be included in our generated signal. We refer to this channel as the "mono fat jet" channel as the hadronic decay products jj of the W/Z can be strongly boosted such that they appear together as one wide jet, making the signal this "fat jet" along with / E T from DM.
The relevant backgrounds for this search are Z → νν, W → ± ν, Z → , W W W Z ZZ, tt and top production. We generate backgrounds in Herwig++ [79] , where events are also hadronized. Using both our models implemented in FeynRules [72] , signal events are generated in MadGraph/MadEvent [73, 74] and are hadronized in Pythia [75] . Both signal and background events are then passed to external Fastjet [76] , where we implement jet finding algorithms and cuts, followed by Delphes [77] for detector effects and efficiencies. Specifically, in order to discriminate between background jets and those produced by the W/Z, a mass-drop filtering procedure is used. Here, large radius jet candidates which mostly come from the decay of the W/Z are first reconstructed via the Cambridge-Aachen algorithm [80] with a radius parameter of 1.2. Then, the internal structure of this large radius jet is examined, and the subjets, called "narrow jets", are reconstructed using the anti-kt jet clustering algorithm [81] with a radius parameter of 0.4. The mass-drop is performed on the two leading subjets, where the subjet with the largest p T , p T 1 differs from the momentum of the next to leading subjet p T 2 by
where ∆R is the separation of the two leading subjets and m jet is the mass of the large radius jet. For 8 TeV, following the analysis of [10], we also require:
• / E T > 350 GeV
• At least one large radius jet with P T > 250 GeV
• No more than one narrow jet with P T > 40 GeV and −4.5 < η < 4.5 which is separated from the leading large radius jet as ∆R > 0.9
• ∆φ(jet, / E T ) < 0.4 for narrow jets.
As the Z → νν background process in this channel has low statistics after cuts, to ensure a thorough probe of phase space we generate and average 6 sets of 50,000 events at 14 TeV for this background. For the other background processes, we generate 50,000 events per process. We set the model significance at 95 % C.L. , as per Eq. (3.2). For the 14 TeV reach, we optimize the search by adjusting three of the 8 TeV selection criteria; we now require at least one large radius jet with P T > 400 GeV, require / E T > 500 GeV and 70 < m jet < 90 GeV.
Results
For the t-channel model, the current limits are compared with the 14 TeV mono-W reach in Fig. (4) for f u,d = 1. We also include current constraints on the parameter space from mono-jet and multi-jet searches, which are adopted from Ref. [47] . The region labelled "stability" is forbidden as it corresponds to parameters where m χ > m η and thus the DM would be unstable to decay. For the mono-lepton search, we find that both the current 8 TeV exclusion and 14 TeV reach are not competitive with existing constraints from mono-jet searches. Owing to small signal size and large backgrounds, it is too weakly constraining to be featured on our t-channel summary plot. For the mono fat jet search, we find that the 8 TeV exclusions are also not competitive with existing constraints from mono-jet searches. We show the 14 TeV reach in the mono fat jet channel with 3000 f b −1 of data, which is able to probe a region of parameter space unconstrained by existing mono-jet results. For the s-channel model, our results are shown in Fig. (5) for three choices of the Z couplings to DM and quarks, as labelled. The relevant mono-jet, di-jet and LUX [82] direct detection limits shown are adopted from Ref. [83] . Note that the LUX limit assumes the actual (sub-critical) contribution to the DM relic density implied by the model parameters, rather than assuming a full relic density. We also include perturbativity limits for the schannel model. As has been recently shown in [83, 84] , the s-channel model with axial couplings may have perturbativity and unitarity issues without the inclusion of additional new physics such a dark Higgs scalar which generates the DM and Z mass. Perturbative unitarity implies that the Z cannot be much lighter than the DM, and should satisfy m χ √ 4π gχ m Z . This is shown on the s-channel plots as the perturbativity region. While this is not a concrete exclusion, it is an important issue for this region of parameter space.
For the mono-lepton search, the current 8 TeV exclusion is too weak to be shown on the plots, while the 14 TeV reach is shown only for g q = g χ = 1, as it is very weakly constraining for the other coupling choices. As with the t-channel model, the mono fat jet channel has better sensitivity than the mono-lepton channel, and the 14 TeV reach is shown for each of the coupling choices. However, even with the hadronic decay mode, the mono-W signals will be challenging to observe, with the parameter space accessible at 14 TeV already substantially probed by 8 TeV mono-jet searches.
SU (2) Breaking Effects and Enhancements from W L Production
Previous work on the mono-W signal has focused primarily on EFT operators that violate SU (2) L . The strong constraints on these models were shown to arise from unphysical highenergy contributions from longitudinally polarized W bosons, a manifestation of the lack of gauge invariance [43] . The strength of the limits on these W L dominated processes arose from two effects:
• enhancement of the cross section, due to a leading s/m 2 W dependence for large s (arising from the W L contribution to the polarization sum) [43] and
, which allowed better separation of signal and background.
By contrast, the gauge invariant simplified models that we considered above, which feature only transverse W T contributions in the high energy limit, do not benefit from these effects. However SU (2) violating effects, such as the unequal coupling of DM to u and d type quarks of Eq. (1.2), can be generated at higher order by electroweak symmetry breaking. This would permit some high energy W L contributions to the mono-W process, potentially leading to stronger constraints. We analyze the size of such effects in variations of our simplified models, and show that it is always small.
Isospin Violation in the t-channel Model
In the t-channel model, the DM interaction with the u and d quarks can be of unequal strength if the masses of the respective mediators, η u and η d , are non-degenerate. Inspection of the scalar potential reveals that this situation can be realised once the SM Higgs field gains a vev. The scalar potential is [85] 
where Φ is the SM Higgs and λ n are coupling constants. In the case where m 2 1 < 0 and m 2 2 > 0, the SM Higgs doublet obtains a vev, while η does not. After electroweak symmetry breaking, a non-zero value of λ 4 would split the η masses as
so that δm
So we appear to have broken the degeneracy of the DM interactions with u and d type quarks, as in the EFT of Eq. (1.2). Does this indeed allow for W L production, and how can this be understood?
It is instructive to appeal to the Goldstone boson equivalence theorem to understand where W L production arises. In the high energy limit, we may replace W L with the corresponding Goldstone boson that (in unitary gauge) provides the gauge boson mass, i.e., we replace W + L with φ + . Now consider the 3 diagrams contributing to the mono-W process shown in Fig. (1) . The φ + couples to the quarks with strength given by the quark Yukawa constants, which vanish in the limit that the quarks are massless. Under these conditions, there is no W L contributions from the diagrams of Fig. (1a) and (1b) .
We now turn to the diagram of Fig. (1c) in which the W is radiated from the η mediator. In general, this diagram will feature both W T and W L contributions. From inspection of the λ 4 term in Eq. (4.1), we deduce that φ + will couple to η according to [85] 
and thus the size of the η d η * u W + L vertex is determined by λ 4 . Therefore, switching on λ 4 = 0 and hence δm 2 η = 0 opens a pp → χχW L channel that does not suffer from suppression by the quark Yukawas. (By contrast, in the example studied in Section 3 where where λ 4 = 0 and δm 2 η = 0, we expect that the high energy regime will feature only transversely polarized W -bosons, pp → χχW T .)
Cross Section Enhancement from W L Contribution
We have seen that the amplitude for W L production at high energy is controlled by λ 4 . However, λ 4 also increases the mass splitting, making η d heavier than η u . Therefore, increasing λ 4 will suppress the contribution of Fig. (1a) due to the heavier η d propagator, while enhancing the contribution of Fig. (1c) due to W L production. The former effect dominates for small values of λ 4 , while the latter compensates or dominates if λ 4 is sufficiently large. Figure 6. Ratio of the hadron level cross sections for the mono-W process pp → χχW , σ W χχ , to the mono-jet process pp → χχj, σ jχχ at 14 TeV, in a renormalizable t-channel scalar model with isospin violation. Upon increasing the mass splitting, the cross section decreases at first due to suppression from an increased propagator mass, until the longitudinal W contribution begins to dominate. The mono-jet cross section is monotonically decreasing with increase in propagator mass.
In Fig. (6) we show the ratio of the cross sections for the mono-W and mono-jet processes at hadron level at the 14 TeV LHC, as a function of λ 4 . (Although we have illustrated this behavior for a particular choice of the χ and η u masses, we obtain similar behavior for other parameter choices.) While the mono-jet cross section monotonically decreases as λ 4 is increased, caused by the heavier η d propagator, the mono-W cross section first decreases and then increases again when radiation of W L from the η propagator takes over. However, in order to achieve a significant enhancement of the ratio of the mono-W to mono-jet cross sections, very large values of λ 4 are required. If we restrict this parameter to perturbative values, λ 4 < 4π, a relative enhancement cannot be achieved.
This behavior differs greatly to that seen in SU (2) violating EFTs, where gauge noninvariant contributions from the analogue of Fig. (1 a,b) lead to large W L contributions. In our renormalizable model, where all 3 diagrams of Fig. (1 a,b,c) are properly included, the high energy behavior of the cross section is tamed.
SU (2) Breaking and the M T Spectrum
We now consider the M T distribution of the mono-W events. For the EFT model of Eq. (1.2), the mono-W M T distributions were found to be sensitive to the parameter ξ [15]. Compared to the SU (2) conserving choice ξ = 1, the SU (2) breaking choice of ξ = 1 resulted in a harder M T distribution, with a higher peak and significantly more high M T events. This was useful in differentiating the signal from background via appropriate cuts on the minimum value of M T .
To explore this effect in our t-channel simplified model, we plot the M T distribution for various choices of λ 4 , shown in Fig. (7) . We see that increasing the mass splitting parameter λ 4 produces no noticeable shift in the peak or shape of the M T distribution. Therefore, the shape of the M T distribution cannot be exploited to increase sensitivity. . Despite the increase in λ 4 and therefore the mass splitting, the peak of the M T distribution does not increase, leading to no strong advantage in the mono-lepton channel compared to other channels.
Isospin Violating Effects in s-channel Models
We now consider SU (2) violating interactions of DM with quarks in the context of the schannel Z model. In the example model presented in Section 2, the Z boson was taken to couple with equal strength to the u and d type quarks. This would be expected in a scenario in which the SM quarks were charged under the new U (1) Z . However, if the SM quarks were not charged under U (1) Z , and the Z -quark couplings were to arise only via mixing of the Z with the SM Z, then weak isospin violating interactions would result -see section A2 of Ref. [42] . In fact, these weak isospin violating interactions would be the lowest order DM-quark interaction terms present.
In the Z-Z mixing scenario the quark-Z couplings are proportional to the quark-Z couplings, which are of opposite sign for u and d quarks due to their weak isospin assignments of T 3 = ±1/2. In the EFT limit, where the Z is integrated out, this would result in the operator of Eq. (1.2) with a negative value of ξ. However, the strength of the DM-quark interactions would be suppressed by the Z-Z mixing angle, which is of order v 2 EW /M 2 Z and thus the operator arises only at order 1/Λ 4 . The relevant diagrams for the mono-W process are shown in Fig.(8) . Unlike the Z model of Section 2, there is now a diagram in which the W is radiated from the Z/Z mediator. This diagram occurs at the same order in 1/Λ as the first two contributions 3 . While the third diagram will allow W L production, the gauge invariance of the underlying theory prevents any bad high energy behavior, limiting any W L driven cross section enhancement. Moreover, given that the Z-Z mixing angle is constrained to be small, isospin violating effects will be difficult to observe.
Finally, weak isopin violating effects would also occur in a model in which a new schannel scalar mediator mixes with the SM Higgs. In this case the effects are suppressed by the small SM quark Yukawa couplings. In addition, if the DM is lighter than the Higgs, the Higgs invisible branching fraction would constrain the scalar-Higgs mixing.
Conclusion
Observation of DM production at the LHC is now one of the foremost goals of the particle physics community. To analyze the sensitivity of these searches, it is important to use a theoretically consistent framework for describing the DM interactions. The goal of this paper was to explore mono-W signals of dark matter production, in simplified models in which invariance under the SM weak gauge symmetries is enforced. We therefore considered popular simplified models with an s-channel Z mediator or a t-channel colored scalar mediator, both with and without isospin violating effects arising from electroweak symmetry breaking.
We first analyzed the simplified models in which the DM-quark couplings preserve isospin. Considering both the leptonic and hadronic decay modes of the W , we found that the 8 TeV mono-W sensitivity is not competitive with the 8 TeV mono-jet results. At 14 TeV the hadronic (mono fat jet) decay channel is the most promising, although 3000 f b −1 of data is required to significantly probe parameter space. While we anticipate that the experimental collaborations will be able to better optimize their analyses than the estimates we present here, we expect these general conclusions to hold.
Previous mono-W analyses have focused primarily on EFT operators that violate SU (2) L , obtaining limits that are competitive with, or stronger than, those arising from the mono-jet. Therefore, we explored the possibility of obtaining isospin-violating DM-quark couplings in our gauge invariant simplified models, after electroweak symmetry breaking. This can be achieved in the t-channel model through the mass splitting of the squark-like scalar SU (2) doublet, or in the s-channel model via Z-Z mixing. For the both t-channel and s-channel models we find that these isospin violating effects must be small, in contrast to the non gauge invariant EFTs scenarios considered previously in the literature. As such, isospin violating DM-quark couplings are unlikely to increase the sensitivity of mono-W searches.
If DM is detected in future LHC data, it is likely that the mono-jet process will be the discovery channel. However, observation of a mono-jet signal alone would not be sufficient to elucidate the particular DM model. Complementary information from other channels such as the mono-W would eventually play an essential role. However, it will be challenging to observe these complementary signals at the 14 TeV LHC unless the model parameters fall just beyond the 8 TeV mono-jet reach. The observation of a mono-W signal at the 14 TeV LHC would therefore point toward very specific DM models. While mono-W signals can, in principle, probe isospin violation of the DM-quark couplings, encoding important information about the specific DM model, it may take a future collider for such effects to be observed. 
